Hexakis(dimethyl sulfoxide)scandium(III) iodide, [Sc(OS(CH
Introduction
Dimethyl sulfoxide (Me 2 SO) is a highly associated liquid, 1-3 with high dipole moment (l = 3.96 D) and permittivity (e = 46.4), and is extensively used in organic synthetic work. The high dipole moment is certainly the reason for the local order and the large liquid range (boiling point 462 K). X-Ray and neutron diffraction studies, indicate that the intermolecular arrangement in liquid dimethyl sulfoxide close to the melting point (291.7 K) resembles that in the crystal structure, where pairs of dimethyl sulfoxide molecules form "closed ring" dimers with antiparallel dipoles.
2, 3 These dimers are held together by weak C-H · · · O interactions and electrostatic attraction between the negative oxygen and positive sulfur ends of adjacent dipoles in the crystal † Electronic supplementary information (ESI) available: Description of the internal and symmetry coordinates of [Sc(OSMe 2 ) 6 ] 3+ , fundamental vibrations of (CH 3 ) 2 SO and (CD 3 ) 2 SO molecules in 0.6 M CCl 4 solution, intermolecular interactions from dimethyl sulfoxide crystal structure, EXAFS data for [Sc(OSMe 2 ) 6 ] 3+ in dimethyl sulfoxide solution with WinXAS fitted model functions and separate scattering contributions and Fourier transforms with magnitudes and imaginary parts, Raman and IR spectra of deuterated dimethyl sulfoxide and of [Sc(OS(CD 3 ) 2 ) 6 ]I 3 . See http://www.rsc.org/suppdata/dt/b4/ b413486a/ structure of dimethyl sulfoxide (see Fig. S1 †) . 4 Theoretical calculations confirm the stability of dimer formation.
5
Vibrational spectroscopy is a very sensitive method for studying weak C-H · · · O interactions in condensed phases. Relatively small shifts, decreasing the C-H stretching frequency less than 20 cm −1 , have been suggested to indicate weak hydrogen bonding. 3 However, careful interpretations are necessary when vibrational coupling may occur, for example band splitting due to Fermi resonance with overtones, 6 and for systems with long range electrostatic attractive forces. 7 In crystal structures geometry criteria based on the atomic arrangement are useful aids in attributing C-H · · · O interactions as actual hydrogen bonding.
7 While this is not possible for liquids, the presence of weak hydrogen bonding is important for the solvent properties and for solute-solvent interactions, particularly in biochemical systems. This is reflected in several Lewis basicity scales for solvent molecules based on their ability to accept hydrogen bonds, which are deduced from the effect of hydrogen bond association with a reference acid in solution, inferred from e.g. thermodynamic or spectroscopic data.
(M n +) via the oxygen atom, and for platinum group metals also via the sulfur atom. However, solvation of the anions via weak C-H · · · X − interactions is also important to form dissociated electrolyte solutions in this aprotic solvent. The M-O/S bonding significantly affects its structure, and the semiweighted mean S-O bond distance has been found to increase from 1.492(1) Å in free sulfoxides to 1.528(1) Å in O-bonded metal complexes, while M-S-bonding results in a decrease to 1.474(1) Å .
1 The S-O r-bond is highly polarized with positive charge on the sulfur atom and negative on oxygen. 1 The internal electron redistribution when the dimethyl sulfoxide molecule is coordinated is often described in terms of a partial S-O double bond character and moderate p-acceptor ability of the S-O group. M-O bonding reduces the electron density on the oxygen atom, increases the positive charge on sulfur, and decreases the p-electron backtransfer from oxygen to sulfur. 1 The modified internal bonding and geometry induce characteristic shifts and changes in the vibrational spectra for complexes with dimethyl sulfoxide ligands, 9-12 including new metal-ligand bands appearing at frequencies lower than 600 cm −1 .
12-16
Intense and easily identifiable bands in vibrational spectra are often ascribed to "group" modes, and their shifts used as coordination indicators for functional groups. For dimethyl sulfoxide, in particular the infrared absorption band assigned to S-O stretching (at 1102 cm −1 in the gas phase) has been correlated to the S-O bond distance, and reported to shift up to 1154 cm −1 and down to 862 cm −1 in S and O bonded complexes, respectively.
1 However, the internal skeletal vibrational modes can interact with the methyl group rocking modes, which may make assignments of normal modes as group frequencies ambiguous, and careful analyses using normal coordinate methods are often necessary for such detailed interpretations of a spectral feature in terms of changes in a specific bond strength.
15
In the current study normal coordinate analyses of the dimethyl sulfoxide molecule itself and of the hexasolvated Group 3 ion scandium(III) are performed and compared with our previous studies of the hexakis(dimethyl sulfoxide) solvates of the Group 13 ions, aluminium(III), gallium(III), indium(III) and thallium(III).
15, 16 The large Group 3 ions yttrium(III) and lanthanum(III) coordinate eight dimethyl sulfoxide molecules in the solid state and in solution, 17, 18 as do also all the lanthanide(III) ions. A combined EXAFS, crystallographic and vibrational study of the solvated lanthanide(III) ions will be reported separately.
19
Crystal 23 reveal discrete hydrated scandium(III) ions with mean Sc-O distances of 2.085, 2.16 and 2.237 Å , for six, seven and eight coordinated water molecules, respectively. Evidently, the scandium(III) ion is large enough to accommodate more than six small oxygen-coordinated monodentate ligands, such as water. In crystal structures of dimethyl sulfoxide solvated metal ions, the oxygen-coordinated ligands are frequently disordered with configurations corresponding to a 180
• rotation around the M-O bond, giving rise to two partially occupied sulfur atom positions and high displacement parameters for the oxygen and carbon positions.
24-27 Theoretical calculations show that the photochemical excitation energy required for direct inversion of the pyramidal structure through a planar C 2v transition state is quite high, about 41.5 kcal mol −1 .
28
Crystallographic disorder is particularly common with symmetric cations such as perchlorate, and often frustrates structure determinations or prevents accurate bond distances to be obtained.
16, 26 The d 0 scandium(III) ion is, according to Pearson's hard-soft acid-base principles, a "hard" cation. 29 Therefore, in the current work, as also for aluminium(III), gallium(III), indium(III), 15 and other trivalent metal ions, 17,18 the "soft" anion iodide was chosen for the crystallographic studies as it forms weak complexes with "hard" ions, 29 and does not give rise to additional bands in the vibrational spectra. EXAFS spectroscopy was used to study the structure of the solvated scandium(III) ion in dimethyl sulfoxide solution.
As a basis for reliable force field analyses of dimethyl sulfoxide complexes, a complete assignment of the vibrational normal modes of the dimethyl sulfoxide molecule itself was required. Tranquille et al. 30 and Geiseler et al. 31 have previously performed normal coordinate analyses of the vibrational spectra of gaseous and liquid dimethyl sulfoxide and its fully deuterated form. Their assignments were however incomplete, as also the computational studies by Allinger et al., 5 since experimental frequencies below 300 cm −1 were not investigated. Hence, the vibrational spectra of gaseous and liquid dimethyl sulfoxide, including their fully deuterated forms, were reinvestigated and in the current study a full normal coordinate analysis has been performed as a preliminary to the analyses for the hexakis(dimethyl sulfoxide)scandium(III) ion, and other solvates of trivalent metal ions. (Johnson Matthey) , in aqueous trifluoromethanesulfonic acid, CF 3 SO 3 H (Riedel-de-Haën, purum), by heating and stirring, followed by evaporation of the solvent and excess acid in an oven. The remaining hygroscopic white powder was kept at 465 K to prevent water uptake and hydrolysis. A saturated solution was prepared by dissolving the Sc(CF 3 SO 3 ) 3 salt in dimethyl sulfoxide under dry nitrogen atmosphere. The scandium(III) concentration of the dimethyl sulfoxide solution was determined to be 0.62 mol dm −3 , by EDTA titration and also by cation exchange (Dowex 50W-X8, H + form) after dilution with water. The density, 1.25 g cm −3 , was measured with an Anton Paar DMA 35 densitometer.
Single crystal X-ray diffraction
Intensity data were collected for [Sc(OS(CH 3 ) 2 ) 6 ]I 3 at ambient temperature using Mo-Ka radiation on a Bruker SMART platform equipped with a CCD area detector (crystal to detector distance 5.00 cm) and a graphite monochromator. Cell parameters were refined using 1301 reflections. A hemisphere of data (1291 frames) was collected using the x-scan method (0.3
• frame width) with each frame exposed 30 s. The first 50 frames were remeasured at the end of the data collection to monitor instrument and crystal stability, and the intensity decay was found to be negligible. Data reduction and empirical absorption correction were performed using the Bruker program packages SAINT and SADABS, respectively. 32 The structure was solved by direct methods and refined using full-matrix least squares on F 2 using the SHELXTL program. 33 Non-hydrogen atoms were treated anisotropically. Hydrogen atoms were added at calculated positions and refined using a riding model. CCDC reference number 249315. See http://www.rsc.org/suppdata/dt/b4/b413486a/ for crystallographic data in CIF or other electronic format.
X-Ray absorption spectroscopy
Sc K-edge EXAFS measurements were performed at the wiggler beam line 4-1 at Stanford Synchrotron Radiation Laboratory (SSRL), USA, operating at 3.0 GeV and 70-100 mA. The EXAFS station was equipped with a Si[111] double crystal monochromator and higher order harmonics were reduced by detuning the second crystal to retain 30% of the maximum intensity at the end of the scan range. The data collection was performed in fluorescence mode with beam path and sample in helium atmosphere to reduce air absorption, using a Lytle detector (nitrogen filled) without filter at ambient temperature. External energy calibration was made with a scandium metal foil and 3-4 scans were averaged giving useable data quality up to k ≈ 3+ complex, using the atomic coordinates from the [Sc(OSMe 2 ) 6 ]I 3 crystal structure. The GNXAS package integrates multiple-scattering calculations associated with two, three, and four atom configurations with a rigorous fitting procedure of the raw experimental EXAFS data.
36

Vibrational spectra
Mid-IR (200-4000 cm −1 , resolution 4 cm −1 , 128 scans) absorption spectra were recorded in purged atmosphere using a BioRad (Digilab) FTS 175 spectrometer with a CsI beamsplitter. Far-infrared spectra (50-700 cm −1 , resolution 4 cm −1 ) were recorded with a Bio-Rad (Digilab) FTS-40 spectrometer with a wire-mesh beamsplitter. Sample cells with silicon windows were used for the liquids. Pellets were prepared of the solid sample, diluted with caesium iodide for mid-IR and polyethylene for far-IR. Raman spectra of the liquid samples were recorded on a dedicated Bio-Rad FT-Raman spectrometer with an Adlas DTY-321 Nd-YAG-laser (1024 nm, 150 mW), whereas for the pure solid a Renishaw System 1000 spectrometer was used, equipped with a Leica DMLM microscope, a 20 mW diode laser (782 nm) and a Peltier-cooled CCD detector. All measurements were performed at ambient temperature. Vibrational data for gaseous dimethyl sulfoxide were obtained from the literature.
30,31
Force field analysis
The dimethyl sulfoxide molecule was described in the C s point group. Of the 24 fundamental normal modes 13 belong to the A symmetry species, while the remaining 11 of A symmetry do not preserve the mirror plane. The [Sc(OS(CH 3 ) 2 ) 6 ] 3+ complex generates 177 fundamental vibrational modes, including 108 modes (also methyl torsions) belonging to the 12 methyl groups, and the complexity made some simplifications necessary for the normal coordinate analysis. Therefore, the methyl groups were treated as point masses. As the first step of the force field analysis a monosolvated species, ScOSMe 2 , was considered in C s symmetry. In the final step, a full normal-coordinate calculation was performed with the [Sc(OSMe 2 ) 6 ] 3+ complex described in the S 6 point group. Even with point masses introduced for the methyl groups, 69 normal modes remain.
Wilson's GF matrix method was used for the calculation of vibrational frequencies using a symmetrized valence force field.
For the dimethyl sulfoxide molecule the initial force constants were partly adopted from previous work, The [Sc(OSMe 2 ) 6 ]I 3 compound is isomorphous with the hexakis(dimethyl sulfoxide)-aluminium(III), -gallium(III) and -indium(III) iodides, which all crystallize in the trigonal space group R3 (No. 148). 15 The crystal structure comprises discrete hexakis(dimethyl sulfoxide)scandium(III) complexes (Fig. 1) and iodide ions. The scandium ion in a site of3 symmetry is octahedrally surrounded by six oxygen atoms with the Sc-O bond distance 2.069(3) Å and the O-Sc-O angle 92.00 (15) • in the [Sc(OSMe 2 ) 6 ] 3+ complex. The S-O distance of the dimethyl sulfoxide ligands is 1.536(4) Å , and the Sc-O-S angle 132.6(2)
• . No disorder, which often is associated with dimethyl sulfoxide complexes, was detected. All methyl hydrogen atoms of the dimethyl sulfoxide ligands are in contact with the surrounding iodide ions with C(-H) · · · I − distances between 3.98 and 4.33 Å (I − · · · H distances between 3.11 and 3.39 Å for C-H 0.96 Å ).
Fig. 1
The Sc(OS(CH 3 ) 2 ) 6 3+ complex projected along the3 axis parallel to c, with 50% probability thermal ellipsoids for non-hydrogen atoms. Selected distances (Å ): Sc-O, 2.069(3), S-O 1.536(4), S-C1 1.754(5), S-C2 1.773(6), Sc · · · S 3.308(2), and Sc-O-S angle 132.6(2)
• .
EXAFS spectroscopy
The k 3 -weighted Sc K-edge EXAFS oscillation and the corresponding Fourier transform for the 0.62 mol dm −3 solution of scandium(III) trifluoromethanesulfonate in dimethyl sulfoxide are shown in Fig. 2 . The analyses show that the main components in the EXAFS spectra are the single backscattering pathways from the oxygen and sulfur atoms, with significant contributions from three-leg Sc-O-S, and four-leg linear Sc-O-Sc-O multiple scattering pathways within the ScO 6 core ( Table 1 for the three different 
Vibrational spectra of dimethyl sulfoxide
The remeasured vibrational spectra of liquid dimethyl sulfoxide (Figs. 3, 4, S3, S4 †), including the far-infrared region, were analysed by normal coordinate methods to obtain a force field that could be adapted to dimethyl sulfoxide solvates with metal ions. For the (CH 3 ) 2 SO molecule, 9 polarized Raman bands out of 13 possible were observed and assigned to the totally symmetric A species in the C s point group, including m 5 and m 12 (Table 2 ) with depolarization ratios around 0.7. For the deuterated liquid only 7 polarized Raman bands were observed, Table 3 . The methyl groups are equivalent, and the weak vibrational coupling preserves the C s local symmetry for a number of vibrational modes, which explains the reduced number of observable fundamental bands. Experimentally, only two major features are immediately apparent in the C-H and C-D stretching regions, but for the degenerate higher frequency band some splitting could be discerned in the infrared spectra (m 1 and m 2 ). while the asymmetric Raman band for the liquid has been deconvoluted into several components ascribed to different associated molecular species.
39-42
Reliable assignment of the S-O stretching mode is important, as it is widely used to diagnose complex formation, and the position and interpretation of the S-O stretching frequencies have been discussed at length in the literature. For neat liquid dimethyl sulfoxide, (CH 3 ) 2 SO, four infrared and five well-defined Raman bands could be detected in the SO stretching range (1000-1070 cm −1 , see Table 4 ). Four of the Raman features are in good agreement with those reported by Gill et al., 40 and Sastry et al. 41 This spectral range, which contains several very closely spaced bands, should be analysed by either second derivative 40 or Gaussian curve fitting 41 to obtain reliable positions for the overlapping components.
The strongest Raman band at 1044 cm −1 has been ascribed to a "closed-ring" dimeric structure of two dimethyl sulfoxide molecules with antiparallel S-O dipoles.
40, 41 If the IR band at 1063 cm −1 is assigned as an in-phase SO stretching vibration of this centrosymmetric dimeric species, then an IR band attributed to the out-of-phase mode should be obtained at different frequency. The strongest IR absorption band at 1063 cm −1 is the best candidate for this interpretation. This pair of bands (Raman 1044 and IR 1063 cm −1 ) would then represent the dominating species in liquid dimethyl sulfoxide, expected to consist mostly of dimers with antiparallel SO groups, as indicated by e.g. X-ray diffraction results.
2 The relative intensity of the Raman band at 1044 cm −1 strongly decreases and its position shifts toward higher wavenumbers in dilute CCl 4 solution (Table 4) , indicating a structural rearrangement with only weak interactions remaining between 'monomeric' dimethyl sulfoxide molecules.
The assignment of the depolarized 1058 cm −1 Raman and 1048 cm −1 IR bands ( Table S3 . † The fundamental modes assigned to 'monomeric' species show some shifts from the frequencies in Tables 2 and 3 , consistent with further reduction of the weak intermolecular interactions. The IR and Raman bands below 1035 cm
probably belong to the rocking modes of the methyl groups. The difference of a few wavenumbers still persisting between the corresponding IR and Raman band maxima could be due to weak C-H · · · O intermolecular interactions between neighbouring "linear" dimers in the liquid, of similar type as in the crystal structure of dimethyl sulfoxide (Fig. S1 †) , 4 or caused by the strong coupling of the rocking and S-O stretching vibrational modes (Table 2) .
Even after these experimentally based assignments, still two candidates remain in the Raman spectra for the assignment of an S-O stretching group frequency of the (CH 3 ) 2 SO molecule; one is the high frequency band at 1067 cm −1 , and the other a medium/weak band at 957 cm −1 ( Table 2 ). The calculated potential energy distribution shows that S-O stretching is dominating for both vibrational modes, but there is also strong contribution from the CH 3 rocking mode, q'(CH 3 ). The strongly dipolar S-O group must provide high absorption intensity for the IR stretching mode, and the isotopic shift at deuteration should be weak. Our calculations are consistent with a substantial isotopic shift to 763 cm −1 in (CD 3 ) 2 SO of the 957 cm −1 band, which then is assigned as CH 3 rocking. Hence, the 1067 cm
Raman band for liquid (CD 3 ) 2 SO could be assigned to the S-O stretching mode for "monomeric" dimethyl sulfoxide species. This weak Raman band becomes the most intense at 1067.9 cm Table 4) , and has also previously been assigned to the S-O stretch of a dimethyl sulfoxide species without specific intermolecular interactions in the liquid. 39 However, the downshift (ca. 35 cm −1 ) from the S-O stretching frequency at 1102 cm −1 in the gas phase is still substantial, and the strong dominating IR band for the dilute dimethyl sulfoxide solution at 1070.4 cm −1 , deviates slightly from the Raman frequency at 1067.9 cm −1 (Table 4) . These experimental observations indicate that some weak dipole-dipole interactions still persist in the dilute dimethyl sulfoxide solution in CCl 4 . In any case, this pair of bands (IR 1070.4 cm −1 , Raman 1067.9 cm −1 ) should be the experimental data closest to the S-O stretching group frequency of a non-interacting "monomeric" molecule in liquid dimethyl sulfoxide.
For neat liquid (CD 3 ) 2 SO a large number of bands (7 IR and 7 Raman, Table 4 ) could be detected in the S-O stretching range (Table 4) . Both asymmetric and symmetric CD 3 deformations are expected in this spectral region, which makes the assignment even more complicated than for liquid (CH 3 ) 2 SO. The IR band at 1053 cm −1 and the Raman band at 1036 cm −1 are the strongest in the high frequency part of the region, and can be ascribed to the so called "closed-ring" dimeric (or polymeric) structures of antiparallel S-O dipoles (Fig. S1 †) . The weak isotopic shifts of these bands support this interpretation.
From the discussion above we conclude that the IR bands at 1070, 1032 and 1012 cm Table 4 can be assigned as m 19 , m 17 , m 6 , m 4 and m 18 modes of different CD 3 deformation and rocking vibrations in the molecular species, 1031.8(104)dp 1028.0(107)dp 1008.7(78)dp
1012.8(219)
a Closely spaced band position identified by second derivatives of the IR and Raman spectra (this work). Relative intensities (within brackets) are obtained from the integrated intensities relative to the strongest band in the S-O region; abbreviations: p = polarized, dp = depolarized, vw = very weak. and have been used in the force constant calculations. In the deuterated (CD 3 (Table 2) , which on deuteration shift to lower frequencies, 625, 614, 340, 307 and 263 cm −1 , respectively (Table 3) , with the largest relative shift for the SC 2 wagging mode m 12 .
Previously, no experimental observation has been reported of torsional modes for the liquids, with frequencies estimated by theoretical calculations to be in the spectral range 90-220 cm −1 .
5
The high signal/noise ratio of the modern far-infrared spectrometer revealed weak bands, which were attributed to the torsional modes m 13 
Vibrational spectra of [Sc(OS(CH 3 ) 2 ) 6 ]
3+
The coordination of dimethyl sulfoxide to a metal ion induces some clear-cut changes in the vibrational spectra. These are: frequency shifts of the ligand modes, splitting of IR and Raman bands because of the interaction between coordinated OSMe 2 molecules, and the appearance of new bands. The [Sc(OS(CH 3 ) 2 ) 6 ] 3+ complex can be described in the S 6 point group, with the normal vibrations belonging to the symmetry species 11A g + 12A u + 11E g + 12E u , considering the methyl groups as point masses. The "g"-modes are Raman-active whereas the "u"-modes are IR-active.
The 6 ] 3+ complex is due to the complexity of the Sc-O stretching modes, e.g., their interaction with the isotope sensitive deformation modes.
In the S-O stretching region a Raman doublet of medium intensity was observed with a polarized shoulder at lower frequency. The stronger, high frequency band (963 cm −1 ) was assigned to the A g symmetry species and the low frequency shoulder (955 cm −1 ) to the E g species. The strongest IR band 2895 (12) 2897 (14) 2118 (4) 2118 ( 1302 (10) 1302 (3) 1047 (2) 1050 (4)
1052 (21) 1050 (3) 842 (16) 835 (4)
1043 (1) 827 vw
(6)
1028 (sh)
1031 (7) 775 (15) 772 (7)
997 (77) 995 (10) 798 (7) 794 ( The numbers in brackets after the frequencies refer to the relative intensities of the bands. The numbering of fundamentals (v i ) is according to the notation introduced for the dimethyl sulfoxide molecule in Tables 2 and 3 .
D a l t o n T r a n s . , 2 0 0 4 , 4 0 3 8 -4 0 4 9 f Sulfur is the only common atom.
in the infrared spectra is a well-defined doublet at 968 cm
with a shoulder at 958 cm −1 of A u and E u symmetry species, respectively. According to the calculations, deuteration does not significantly shift these bands, which supports the assignment.
Two Raman bands near 700 cm −1 were attributed to the SC 2 asymmetric (722 cm −1 ) and symmetric (687 cm −1 ) stretching modes; the latter is the most intense Raman band in the spectrum. The absence of splitting indicates weak coupling of these ligand modes. In the IR spectra the corresponding modes occur at the very same frequencies. Deuteration of the dimethyl sulfoxide molecule leads to significant downshifts by 76 and 56 cm −1 for the asymmetric and symmetric SC 2 stretching modes, respectively.
All 6 polyhedra and the ScO torsions should be lower than 100 cm −1 , and no experimental frequencies could reliably be assigned to these modes (Table 5 ).
Discussion
Interactions in dimethyl sulfoxide
To evaluate the effect of intermolecular interactions involving the methyl group protons, the force constants were refined for vibrational frequencies obtained for acetone and dimethyl sulfoxide in the gas phase and liquid, also including deuterated molecules. The averaged C-H stretching frequencies decreased from gas phase to liquid for acetone from 2974.5 to 2962.5 cm −1 , 43,44 and for dimethyl sulfoxide from 2984.3 to 2963.2 cm −1 . Similar effects were established for the C-D stretching frequencies (Table 3) . The C-H stretching force constants decreased by 0.80% for acetone (0.04790 and 0.04751 N m −1 for gas and liquid, respectively) and by 0.93% for dimethyl sulfoxide ( Table 6 ). The CH/CD stretchings are very specific as group diagnostic wavenumbers since they are not mixed substantially with other vibrational modes, and the evaluations of the C-H/D stretching force constants were performed in a consistent way to allow comparisons. Therefore, these relatively small changes of the force constants should have real physical meaning and can be interpreted as evidence of weak intermolecular C(sp 3 )-H/D · · · O interactions in liquid acetone and dimethyl sulfoxide. The slightly larger decrease of the C-H/D stretching force constant for dimethyl sulfoxide than for acetone is consistent with other criteria, e.g. 17 O NMR chemical shifts, showing the interactions to be weaker for acetone. 7a, 8 Other, more noticeable changes take place for the S-O stretching vibrational mode, which has a more complex character. The S-O stretching frequency decreases substantially from gas to liquid for dimethyl sulfoxide (Tables 2, 3) , and the corresponding force constant is reduced by almost 9% (Table 6 ). This externally induced effect exceeds by far the relative changes expected from weak C-H · · · O interactions, and supports strong dipole-dipole interactions between dimethyl sulfoxide molecules in the liquid.
A dimer of antiparallel S-O dipoles of two neighbouring dimethyl sulfoxide molecules would create an inversion centre in approximately C 2h symmetry and separate the Raman and IR bands for liquid dimethyl sulfoxide in the S-O stretching region around 1000 cm −1 . This is consistent with the difference between the IR and Raman frequencies for the S-O stretch (Table 4) , and also with the behaviour of the strong interaction with CH 3 rocking for (CH 3 ) 2 SO, and with the CD 3 umbrella mode for (CD 3 ) 2 SO (shown by the calculated potential energy distribution), cf. Results and Tables 2 and 3 The above discussion of the intricate behaviour of the S-O stretching mode in dimethyl sulfoxide, both for (CH 3 ) 2 SO and (CD 3 ) 2 SO molecules, shows that conclusions about coordination and bonding properties simply from frequency shifts in the S-O stretching region should be carefully considered. In addition to the intermolecular dipole-dipole and C-H · · · O interactions, our normal coordinate calculations reveal that intramolecular contributions from deformation and rocking vibrations of the methyl group, and changes in the molecular geometry, namely the C-S-C and O-S-C bond angles, also influence the S-O stretching frequency. These effects can spectroscopically be taken into account as additional factors to other coordination effects influencing the S-O stretching frequency in dimethyl sulfoxide ligands, i.e. the character and strength of the metal-ligand bond, the internal electron displacement due to the M-O r-bonding and backbonding from metal d-orbitals. This is one reason why a relationship only considering S-O stretching frequencies and bond lengths, as the one published recently by Calligaris (that also includes doubtful assignments for Pd(NO 2 )(pyi)(dmso-O) and (HgCl 2 ) 3 (dmso-O) 2 ), 1 shows a rather diffuse correlation.
The torsion mode is also strongly affected by the aggregation state. The hindered rotation of the methyl groups in liquid dimethyl sulfoxide more than doubled the corresponding force constant and increased the torsional frequencies by 55 cm 
Hexacoordinated metal(III)-dimethyl sulfoxide solvates
Theoretical studies have previously been performed on dimethyl sulfoxide molecules solvating the triply charged scandium(III) ion in the gas phase. The octahedrally coordinated [Sc(OSMe 2 ) 6 ] 3+ species, with a computed Sc-O bond distance of 2.122 Å , was found to be thermodynamically stable with respect to all dissociation processes considered in the gas phase, demonstrating the strong Sc-O interaction and the stability of dimethyl sulfoxide as ligand.
45
The Sc-O bond distance 2.069(3) Å in the crystal structure of hexakis(dimethyl sulfoxide)scandium(III) iodide is very close to the Sc-O bond distance 2.068(6) Å for the major component (86% occupancy) of the recently published disordered crystal structure of [Sc(OSMe 2 complex, is probably the reason why the scandium(III) solvation number is lower in dimethyl sulfoxide than in aqueous solution. Raman spectroscopy of 1 mol dm −3 alkali halide solutions in dimethyl sulfoxide has shown that interactions between iodide ions and the methyl groups give rise to a CH 3 asymmetric stretching frequency component at about 2975-2980 cm −1 (in deuterated dimethyl sulfoxide 2238 cm −1 ), downshifted about 15 cm −1 from the band in neat dimethyl sulfoxide. This was interpreted as a direct interaction between the two methyl groups of about 3 dimethyl sulfoxide molecules and the iodide ions, and modelled in an X-ray diffraction study with an S · · · I − distance of 4.37 Å . 47 An attractive interaction between the iodide ion and the positive sulfur end of the dipole in dimethyl sulfoxide, restricted and partly reduced by interference with the methyl groups, is revealed from ab initio quantum chemical studies.
48, 49 Also for the [Sc(OSMe 2 ) 6 ]I 3 compound the C-H/D stretching frequencies show small downshifts compared to neat dimethyl sulfoxide (mean about 10-15 cm −1 , cf. Tables 2, 3 1 However, the vibrational spectra reveal that the methyl-iodide ion interference influences the C-H/D stretching frequencies, even though this interaction seems to be caused mainly by the long-range electrostatic ion-dipole attraction affecting the intermediate methyl group, rather than a "weak hydrogen bond" between two electronegative atoms. 7a The results obtained from normal coordinate analyses of the vibrational spectra for the [Sc(OSMe 2 ) 6 ] 3+ complex and the previously studied hexacoordinated The coordination to metal ions via oxygen decreases the S-O stretching frequencies and the corresponding force constant, while the C-S stretching frequencies and force constant increase as compared to free dimethyl sulfoxide. Generally, the stronger the M-O bond is, the smaller the S-O stretching frequencies and the corresponding force constants become. However, we do not obtain a strict correlation between the S-O or M-O bond distances and the S-O force constants. 15 For the aluminium and scandium complexes the S-O stretching force constants are significantly higher than expected, probably because these d 0 ions lack back-bonding possibility. For the d 10 ions, gallium(III), indium(III) and thallium(III), back-bonding can increase the M-O bond strength, which then causes a weakening of the S-O bond. The contribution of M-O stretching to the S-O stretching group frequency near 950-970 cm −1 decreases significantly from the solvates of the Group 13 metal ions to scandium(III), which also correlates to a substantial increase in the MOS angle (from ca. 124
• to 132.6 • ).
15
The coordination of the dimethyl sulfoxide molecule leads to a significant decrease in the SC 2 scissoring vibrational frequencies and the corresponding bending force constants, and increases the S-C stretching frequencies and the SC stretching force constants. The SC 2 -deformation, the ScOS bending and the S-O torsional vibrations are strongly coupled, and the potential energy distribution (PED) shows the interaction between the different modes. There is significant interaction between the Sc-O stretching and SC 2 wagging modes consistent with a hindered deformation of dimethyl sulfoxide as ligand. Comparison with the Group 13 metal dimethyl sulfoxide solvates shows similar coupling for the gallium(III), indium(III) and thallium(III) ions.
Conclusions
Complete assignments of the vibrational frequencies for gaseous and liquid dimethyl sulfoxide and their fully deuterated analogues have been achieved. A small well-defined decrease of the C-H stretching frequencies provides evidence of weak C-H · · · O interactions in liquid dimethyl sulfoxide, even though the substantial shift of the S-O stretching modes to lower wavenumbers reveals that intermolecular dipole-dipole interactions between the S-O groups have a more prominent effect on the spectral characteristics. The interactions in liquid dimethyl sulfoxide split the S-O frequencies by resonance coupling of vibrational modes and decrease the S-O stretching force constants.
The crystal structure of hexakis(dimethyl sulfoxide)scandium(III) iodide showed highly symmetric hexasolvated scandium(III) ions with the mean Sc-O bond distance 2.069(3) Å . EXAFS spectra of scandium(III) in dimethyl sulfoxide solution resulted in a mean Sc-O bond distance of 2.09(1) Å , consistent with hexasolvated species. The solvation number in solution probably is restricted by the steric requirements of the dimethyl sulfoxide ligands, able to perform rotational inversions around the Sc-O bond.
Normal coordinate analysis of the vibrational spectra of the hexakis(dimethyl sulfoxide)scandium(III) complex showed substantial changes in the vibrational frequencies of the coordinated dimethyl sulfoxide molecules. A slight but significant decrease of the C-H stretching frequencies indicates interactions with the iodide ions. The force constants of the S-O stretching and the dimethyl sulfoxide skeletal and deformation modes decrease, whereas the C-S stretching force constants increase. Generally, there is strong coupling of the skeletal dimethyl sulfoxide vibrations in the S-O stretching region, and the force constants are more reliable indicators of a change in bond character for a dimethyl sulfoxide solvate than the position of a vibrational band assigned as the S-O group frequency.
